In budding yeast Saccharomyces cerevisiae, the peroxisomal protein Inp2 is required for inheritance of peroxisomes to the bud, by connecting the organelles to the motor protein Myo2 and the actin cytoskeleton. Recent data suggested that the function of Inp2 may not be conserved in other yeast species. Using in silico analyses we have identified a weakly conserved Inp2-related protein in 18 species of budding yeast and analyzed the role of the identified protein in the methylotrophic yeast Hansenula polymorpha in peroxisome inheritance. Our data show that H. polymorpha Inp2 locates to peroxisomes, interacts with Myo2, and is essential for peroxisome inheritance.
Introduction
Peroxisomes are ubiquitous organelles and component of various eukaryotes. The organelles display a wide range of functions that varies with the cell/organism in which they occur, their developmental stage and environmental conditions [1] . Key functions of peroxisomes are hydrogen peroxide metabolism and oxidation of fatty acids [1, 2] .
In yeast species, peroxisomes are predominantly involved in the metabolism of various unusual carbon sources, i.e. fatty acids, alkanes, methanol, purines and D-amino acids. Cultivation of these organisms on either one of these compounds is associated with proliferation of peroxisomes that are crucial for growth, as they contain the key enzymes involved in the metabolism of these carbon sources [3] . In wild type (WT) Saccharomyces cerevisiae and Hansenula polymorpha cells, peroxisomes have been shown to predominantly multiply by fission from pre-existing organelles [4, 5] . However, the organelles may also form de novo from the endoplasmic reticulum (ER) at conditions wherein the cells lack peroxisomes, e.g. due to a failure in inheritance [6] . During normal growth of WT yeast cells at peroxisome-inducing conditions, de novo synthesis most likely does not contribute significantly to the total organelle population [4, 5] , although exceptions may occur i.e. in Yarrowia lipolytica [7] . In contrast, in plants and mammals, de novo peroxisome formation appears to be a more prominent process [8, 9] . As during vegetative reproduction of WT yeast cells new peroxisomes derive by fission, the organelle population must be contained during multiple rounds of budding. Upon division, part of the organelle population is administered to the bud. In the methylotrophic yeast H. polymorpha, this is accompanied by asymmetrical peroxisome fission and subsequent migration of the newly formed, small organelle to the developing bud. The number of organelles migrating to the bud is dependent on the cultivation conditions [10] .
In S. cerevisiae, peroxisome inheritance requires the function of Inp1, Inp2, the class V myosin motor Myo2 and the actin cytoskeleton [11] [12] [13] . Recently, a function in inheritance was also attributed to Pex3 [14] and in H. polymorpha to Pex19 [6] and Pex11 [15] . H. polymorpha and S. cerevisiae cells lacking Pex3 or Pex19 are devoid of any peroxisomal remnants [16] [17] [18] . In contrast, overproduction of Pex3 leads to a dramatic increase in peroxisomal structures [19] . Of the proteins involved in inheritance, Inp1 is directly involved in organelle retention in the mother cell, whereas the integral membrane protein Inp2 attaches the globular tail of Myo2 to the peroxisome to enable its transport to the bud. In a recent study, Chang et al. [20] suggested that Inp2 is unique for S. cerevisiae and most likely not present in other organisms. These authors demonstrated that in Y. lipolytica a Pex3 paralog, designated Pex3B [21] , played a crucial role in organelle inheritance through direct interaction with the Myo2 globular tail. A similar role was suggested for Pex3 in Y. lipolytica and S. cerevisiae, implying that Pex3 family members may be more relevant in organelle inheritance than Inp2.
This led us to investigate whether in H. polymorpha a similar mechanism is responsible for peroxisome inheritance. Our data show that this organism contains a bona fide Inp2 homolog that locates to 
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / l o c a t e / b b a m c r peroxisomes, interacts with Myo2, and is essential for peroxisome inheritance.
Materials and methods

Strains and growth conditions
Yeast strains used in this study are listed in Table 1 . Plasmids and primers are listed in Supplementary tables 1 and 2, respectively. Yeast cultures were grown at 37°C on (i) YPD media containing 1% yeast extract, 1% peptone and 1% glucose, (ii) selective media containing 0.67 % yeast nitrogen base without amino acids, supplemented with 1% glucose (YND) or 0.5% methanol (YNM), or (iii) mineral media (MM) [22] supplemented with 0.5% glucose or 0.5% methanol as carbon sources and 0.25% ammonium sulphate as a nitrogen source. When required, amino acids and nucleotides were added to a final concentration of 20 µg/ml (histidine and adenine) or 30 µg/ml (leucine, lysine, and uracil). For growth on agar plates the medium was solidified with 2% agar. For the selection of dominant markers, YPD plates containing 100 µg/ml nourseothricin or zeocin (Invitrogen, Breda, The Netherlands) were used. For cloning purposes Escherichia coli DH5α was used. E. coli cells were grown at 37°C in LB media supplemented with 50 µg/ml kanamycin or 100 µg/ml ampicillin, when required.
Molecular techniques
Standard recombinant DNA techniques were carried out according to Sambrook et al [23] . Transformation of H. polymorpha cells [24] and site specific integration in the H. polymorpha genome [24] were performed as described. DNA modifying enzymes were used as recommended by the suppliers (Fermentas, St. Leon-Rot, Germany and Roche Diagnostics, Mannheim, Germany). Pwo polymerase was used for polymerase chain reactions (PCR). Oligonucleotides were synthesized by MWG Operon (Ebersberg, Germany). For DNA sequence analysis, the Clone Manager 5 program (Scientific and Educational Software, Durham, USA) was used.
Construction of an H. polymorpha INP2 null mutant
An inp2 deletion strain was constructed by replacing the genomic region of INP2 comprising nucleotides + 1 to + 1914 by the H. polymorpha URA3 marker as follows: first, a 630 bp 5′ flanking fragment and a 690 bp 3′flanking fragment of INP2 were amplified from H. polymorpha WT genomic DNA using the primer combinations INP2-5UTR-FW+ INP2-5UTR-RV and INP2-3UTR-FW+ INP2-3UTR-RV, respectively. The fragments were digested with Asp718I + SalI and SpeI + NotI, respectively, and cloned into pBluescript II SK+ digested with the same enzyme combinations, yielding pBS-INP2-5UTR and pBS-INP2-3UTR, respectively. Subsequently, the 663 bp Asp718I-BamHI fragment of pBS-INP2-5UTR was cloned into Asp718I + BamHI-digested pBS-INP2-3UTR, yielding pBS-INP2-5&3UTRs. Finally, a 1573 bp SalI-SpeI fragment from plasmid pSK81 containing H. polymorpha URA3 was inserted between the SalI and SpeI sites of pBS-INP2-5&3UTRs, yielding pBS-INP2-del-ODC1.
For deletion of INP2, the deletion cassette was excised from pBS-INP2-del-ODC1 by Asp718I + NotI-digestion and transformed into H. polymorpha NCYC495 leu1.1 ura3 cells. Uracil-prototrophic transformants were selected. Correct deletion was confirmed by PCR and Southern blot analysis (data not shown) and the resulting strain was designated as inp2. For visualization of peroxisomes, SphI-linearized plasmid pHIPZ4-GFP-SKL, allowing production of the peroxisomelocated GFP•SKL protein, was integrated at the P AOX region of the H. polymorpha inp2 genome.
Localization of Inp2 in H. polymorpha
To determine the subcellular location of Inp2 in H. polymorpha, a plasmid was constructed carrying an in-frame INP2•mGFP fusion gene under the control of the endogenous INP2 promoter. First, a 746 bp fragment comprising mGFP was obtained by PCR with primers mGFPfw and mGFP-rev using plasmid pCGCN-FAA4 as template. The PCR product was digested with BglII and SalI and cloned between the BglII and SalI sites of plasmid pANL31 resulting in pSNA10. Subsequently, an 805 bp fragment containing the INP2 gene lacking a stop codon was amplified with primers Inp2-GFPforward and Inp2-GFPreverse using H. polymorpha WT genomic DNA as template. The PCR product was digested with BamHI and cloned into plasmid pSNA10, digested with HindIII (blunted by Klenow treatment) and BglII. This resulted in plasmid pSNA11.
To simultaneously mark peroxisomes with a red fluorescent marker protein, SacII-linearized plasmid pSNA03, producing peroxisome-located DsRed•SKL protein, was transformed into H. polymorpha NCYC495 leu1.1 ura3 cells. Uracil-prototrophic transformants were selected. Correct integration at the H. polymorpha AOX locus was confirmed by PCR and fluorescence (data not shown). This yielded strain H. polymorpha DsRed•SKL. Subsequently, plasmid pSNA11 was linearized with ApaI and integrated at the INP2 locus of the genome of H. polymorpha DsRed•SKL cells. Zeocin-resistant transformants were selected. Correct integration was confirmed by PCR (data not shown).
Yeast 2-hybrid analysis
The LexA system was used for screening interactions between H. polymorpha proteins using derivatives of the reporter strain S. cerevisiae L-40.
For INP2 and MYO2, a 1935 bp DNA fragment comprising the entire INP2 coding sequence (CDS; GenBank accession number GU591963) and a 1379 bp DNA fragment encoding the C-terminal globular domain of H. polymorpha Myo2 (aa 1083 to 1535; GenBank accession number GU591964) were amplified with primer combinations RSAinp2fwbamhi + RSAinp2revecori and RSAmyo2fwbamhi + RSAmyo2revecori, respectively, using genomic H. polymorpha WT DNA as template. PCR fragments were digested with BamHI and EcoRI and inserted between the BamHI and EcoRI sites of the vectors pBTM116-C and pVP16-C, respectively. This yielded plasmids pBTM116-INP2, pVP16-INP2, pBTM116-MYO2 and pVP16-MYO2, respectively.
For PEX19, a DNA fragment of 887 bp, comprising the entire CDS of the gene, was obtained by PCR with primers RB16 and RB17 using genomic H. polymorpha WT DNA as template, digested with BamHI and SalI and inserted between the BamHI and SalI sites of pBTM116-C and pVP16-C to obtain pBTM116-PEX19 and pVP16-PEX19. For PEX3, a 1489 bp BamHI-SalI fragment comprising the entire CDS of the gene was isolated from plasmid pBSKS-PER9 and inserted between the BamHI and SalI sites of pBTM116-C and pVP16-C to obtain pBTM116-PEX3 and pVP16-PEX3.
To enable production of H. polymorpha Pex19 in S. cerevisiae L-40, a plasmid expressing HpPEX19 was constructed using Gateway® Technology. First, PCR amplification of the MET25 promoter region was performed with primers SUM004 and SUM005 using plasmid pRS416-Pmet25 as template. The 433 bp PCR fragment was recombined into the vector pDONR-P4-P1R, resulting in the entry vector pENTR-P4-P1R-P MET25 . Subsequently, a 934 bp fragment comprising the entire HpPEX19 CDS was amplified with the primers RSA-attB2Pex19revstop and RSA-attB1Pex19fw using genomic H. polymorpha WT DNA as template and recombined into the vector pDONR221 resulting in plasmid pENTR221-PEX19. A destination vector carrying the nourseothricin resistance (nat) gene was constructed as follows: by PCR with primers DOM1 and DOM2 using plasmid pHIPN4 as template, a 1307 bp DNA fragment comprising the nourseothricin marker with its expression signals was isolated and cloned into vector pDEST-R4-R3 digested by Ehe1, resulting in the destination vector pDEST-R4-R3-NAT. Finally, pEXP-Pmet25-PEX19-Tcyc was obtained by recombination of the entry vectors pENTR-P4-P1R-P MET25 , pENTR221-PEX19, pSUM91 and the destination vector pDEST-R4-R3-NAT.
For stable integration of the plasmid pEXP-Pmet25-PEX19-Tcyc into the S. cerevisiae L-40 genome, the plasmid was linearized with MunI in the P MET25 region and transformed into S. cerevisiae L-40 cells. Nourseothricin-resistant colonies were selected. Correct integration was confirmed by PCR using primers RSA-Pmet25 and RSA-Pex19rev (data not shown).
S. cerevisiae L-40 and L-40-HpPEX19 cells were co-transformed with the indicated pVP16-and pBTM116-derived fusion constructs. Subsequently, β-galactosidase filter lift assays were performed according to the manufacturer's instructions (Clontech). From each co-transformation three independent transformants were tested. Empty vectors were used to check for reporter self-activation. The well-established HpPex3-HpPex19 interaction was used as a positive control. We determined that the LexA-BD•Inp2 fusion protein caused self-activation, precluding its use in further binding studies.
In silico analysis
Inp1-and Inp2-related proteins in budding yeast species were identified using the primary sequences of S. cerevisiae Inp1 and Inp2 in Gapped Blast and Position Specific Iterated (PSI) Blast analyses [25] on the budding yeasts dataset (taxid: 4892) of the non-redundant (nr) protein database at the National Center for Biotechnological Information (NCBI; version November 2009). In the PSI-Blast analyses a statistical significance value of 0.001 was used as a threshold for the inclusion of homologous sequences in each next iteration. The H. polymorpha genome sequence [26] was searched by TBlastN with all identified protein sequences as queries for the presence of an Inp2- Alignments of amino acid sequences were constructed using the Clustal_X program [28] or the SIM algorithm [29] and displayed using GeneDoc (http://www.psc.edu/biomed/genedoc). Graphics showing the amino acid distribution and composition of consensus sequences were generated using Weblogo ( [30] ; http://weblogo.berkeley.edu/ ). Coiled coils were identified in protein sequences using the COILS program [31] . Membrane spanning regions and amphipathic helices were identified in sequence alignments using MemGen [32] . PEST motifs as potential proteolytic cleavage sites were found in protein sequences using ePESTfind (http://emboss.bioinformatics.nl/cgibin/emboss/epestfind).
Microscopy
Wide-field images were made using a Zeiss Axioskop50 fluorescence microscope (Carl Zeiss, Sliedrecht, The Netherlands). Images were taken using a Princeton Instruments 1300Y digital camera. The GFP signal was visualized with a 470⁄40 nm band pass excitation filter, a 495 nm dichromatic mirror, and a 525⁄50 nm band pass emission filter. The DsRed signal was visualized with a 546⁄12 nm band pass excitation filter, a 560 nm dichromatic mirror, and a 575-640 nm band pass emission filter.
Confocal images were made using a Zeiss LSM510 confocal microscope, using Hamamatsu photomultiplier tubes. GFP fluorescence was analyzed by excitation of the cells with a 488 nm argon ion laser (Lasos), and emission was detected using a 500-550 nm band pass emission filter.
Results
Identification of Inp2-related proteins in budding yeast species
Previously, we identified the H. polymorpha Inp1 protein and demonstrated its conserved role in peroxisome inheritance [15] . Inp1related proteins are very weakly conserved, but can nevertheless be identified in all species of budding yeast ( Table 2 , Supplementary  fig. 1 ). This led us to analyze whether a similar approach was feasible for Inp2.
By Gapped Blast and PSI-Blast analyses we identified a weakly conserved Inp2-related protein encoded by the genomes of 17 budding yeast species (Table 2 , compare Inp2 sequence conservation with Pex3 data). Despite the weak conservation, all identified proteins had a similar structure ( Fig. 1) , comprising three conserved sequence motifs ( Supplementary fig. 2 ), a putative membrane spanning region (MSR) and a C-terminal coiled-coil (absent in Candida albicans and Candida dubliniensis). Previously it was demonstrated that in S. cerevisiae the region C-terminal from the MSR interacts with Myo2 [12] .
Blast analyses combined with Genome2D analysis using the newly identified Inp2 Motif 3 consensus ( Fig. 1 ) identified a single protein in the H. polymorpha genome database (Hp44g705) that had the same overall structure. Remarkably, this protein showed weak similarity to the protein identified in its close relative Pichia pastoris ( Table 2) . Based on its low conservation, it is difficult to determine whether Hp44g705 is a true ortholog of S. cerevisiae Inp2. Nevertheless, our functional analysis (see below) indicated that the protein is indeed its functional counterpart. Therefore, we have designated the Hp44g705 protein H. polymorpha Inp2.
Peroxisome inheritance is disturbed in H. polymorpha cells lacking Inp2
To investigate the role of the identified protein in peroxisome inheritance, we cultivated H. polymorpha inp2 cells producing GFP•SKL as peroxisome marker on methanol to the mid-exponential growth stage and analyzed these by CLSM for possible inheritance defects. Quantification experiments were performed to determine the number of buds that contained peroxisomes relative to those in WT control cells. We only selected budding cells in which the bud had developed to approximately 40-50% of the size of the mother cell. The data, summarized in Fig. 2A , show that in budding H. polymorpha WT cells approximately 95% of the buds contained at least one small peroxisome, as expected. However, in budding inp2 mutant cells most of the buds lacked peroxisomes and only approximately 20% of the cells contained a single organelle in the bud. Characteristic fluorescence micrographs, demonstrating this mode of organelle distribution, are depicted in Fig. 2B and C.
H. polymorpha Inp2 localizes to peroxisomes
The localization of H. polymorpha Inp2 was analyzed in methanolgrown WT cells that expressed an INP2•mGFP fusion gene from the endogenous INP2 promoter. These cells also produced DsRed•SKL to mark peroxisomes. In normal non-budding cells, weak GFP fluorescence was observed on all red fluorescent organelles present in the cells, suggesting that Inp2 was randomly distributed over the peroxisomal membrane (Fig. 2D) . In budding cells, the organelles also displayed weak GFP fluorescence over the organelle surface invariably concomitant with the presence of a bright fluorescent spot ( Fig. 2E ). This suggests that Inp2 concentrates at specific locations on organelles tagged for inheritance. After cytokinesis these spots disappeared and GFP fluorescence was again distributed over the entire organelle.
H. polymorpha Inp2 interacts with H. polymorpha Myo2
Yeast 2-hybrid analysis was performed to study a possible physical interaction between H. polymorpha Inp2 and the globular domain of Myo2. As depicted in Fig. 2F , a strong interaction was observed between Inp2 and Myo2. However, this interaction was dependent of the presence of H. polymorpha Pex19 in the S. cerevisiae host strain, since it was below the limit of detection in co-transformants that lacked HpPex19. In addition, our 2-hybrid studies failed to resolve a distinct interaction between H. polymorpha Pex3 and Myo2, which cannot be attributed to Pex3 folding defects, since this protein interacted strongly with H. polymorpha Pex19, as expected.
Discussion
In yeast species, peroxisome inheritance requires the function of the actin cytoskeleton and the function of the proteins Inp1, Inp2, Pex3, Pex11 and Pex19 [6, 11, 12, 14, 15, 33] together with the class V myosin motor, Myo2 [13] . Of these, the molecular details of the function of Pex11 and Pex19 in this process are still unknown. Inp1 was identified as the peroxisome-specific retention factor, coupling peroxisomes to a yet unknown anchoring moiety in mother cells and developing buds [11] . In contrast, Inp2 acts as the peroxisome receptor for Myo2 [12] . Recently, Chang et al. [20] provided evidence for a function of Y. lipolytica Pex3 and, more specifically, its paralog Pex3B in peroxisome inheritance as the peroxisome-specific receptor of Myo2. A similar function was attributed to baker's yeast Pex3. This would imply that S. cerevisiae Pex3 has a function in both organelle inheritance and in organelle retention as this peroxin also functions as anchor for Inp1 at the peroxisomal membrane [14] . This led us to investigate the presence of a putative Inp2 homolog in H. polymorpha. Our data show that H. polymorpha contains a weakly conserved Inp2-related protein that indeed functions in organelle movement to developing buds. The strong interaction observed between H. polymorpha Inp2 and Myo2 clearly implies a conserved function for Inp2 as the peroxisome receptor for Myo2. Remarkably, this interaction was dependent on the presence of H. polymorpha Pex19, which is consistent with the observed defect in peroxisome inheritance in Hppex19 mutant cells [6] . This may point towards a function for Pex19 as a stabilizing factor in the Inp2-Myo2 interaction. Nevertheless, like in S. cerevisiae, peroxisome partitioning is not completely blocked in H. polymorpha inp2 mutant cells, implying that other proteins may be involved in connecting peroxisomes to the cytoskeleton.
Chang et al. [20] have suggested that the presence of an Inp2 counterpart may be confined to yeast species closely related to S. cerevisiae. Our in silico analyses indicate a possible alternative scenario. Although Inp2 is a very weakly conserved protein, homologous proteins could be identified in all budding yeast species under study using PSI-and PHI-Blast analysis ( Table 2) , and were shown to have a similar structure. Obviously, this similarity does not warrant these proteins to represent functional counterparts of Inp2. However, the fact that one of the proteins with the weakest homology to S. cerevisiae Inp2, H. polymorpha Hp44g705, indeed acts as an Inp2 counterpart may imply that the other identified proteins might be involved in peroxisome inheritance as well. An exception may be the protein identified in Y. lipolytica, YALI0E03124 (accession number CAG79064), that has the same basic structure as Inp2, but rather resembles a conserved protein in filamentous fungi (Table 2) . Recently, it was demonstrated that YALI0E03124 localizes to the ER rather than to peroxisomes [20] . Furthermore, a direct interaction between YALI0E03124 and YlMyo2 could not be observed. These observations were interpreted to indicate that Y. lipolytica does not contain an Inp2 counterpart. However, as an alternative explanation, the putative interaction between YALI0E03124 and YlMyo2 may require the presence of YlPex19 (cf. Fig. 2F ). The role of H. polymorpha Inp2 in peroxisome inheritance. A: quantification of peroxisome numbers in methanol-grown budding WT and inp2 mutant cells. Organelle numbers were determined by counting from randomly taken CLSM images. For each sample, peroxisomes were counted in 2 × 100 budding cells in 2 independent experiments. The frequency of cells containing the indicated number of peroxisomes is shown. The bar represents the Standard Error of Mean (SEM). B, C: peroxisomes in budding H. polymorpha WT (B) and inp2 mutant (C) cells, grown on methanol. In WT cells peroxisomes are mostly located close to the bud neck region, whereas in inp2 cells peroxisomes are located at the cell cortex and are absent in the bud. Peroxisomes are marked by GFP•SKL. Blue color was applied to the brightfield images using Photoshop. Bars, 1 µm. D, E: localization of Inp2•GFP at peroxisomes in non-budding (D) and budding (E) methanol-grown H. polymorpha DsRed•SKL INP2•GFP cells. Peroxisomes are marked by DsRed fluorescence. Blue color was applied to the brightfield images using Photoshop. Bars, 1 µm. F: 2-hybrid analysis using H. polymorpha Inp2 and Myo2. Left panel: S. cerevisiae L-40 co-transformants that lack H. polymorpha Pex19 (HpPex19), right panel: S. cerevisiae L-40 co-transformants producing HpPex19. The strong interaction between Inp2 and Myo2 is only observed in cells that produce HpPex19. Additionally, no interaction is detectable between HpPex3 and HpMyo2. Empty vectors were used to check for reporter self-activation. The HpPex3-HpPex19 interaction was used as positive control. The top left filter was incubated for 24 h to detect weak interactions. The bottom left and right filters were incubated for 2-3 h. Furthermore, the authors did not analyze a YALI0E03124-deficient strain, which would have provided a direct evaluation of a possible role for this protein in peroxisome inheritance. In Y. lipolyica, Pex3B appears to have a function analogous to that of ScInp2 and HpInp2. Our data ( Table 2) indicate that this Pex3 paralog is unique for Y. lipolytica, and thus does not represent a general inheritance factor. Based on a weak interaction between Pex3 and Myo2, Chang et al. [20] have also implied that Pex3 plays a direct role in peroxisome inheritance. We failed to detect an interaction between H. polymorpha Pex3 and Myo2 (Fig. 2F) . Thus, the proposed role for Pex3 in peroxisome inheritance may not be generally valid in all budding yeast species.
In conclusion, our data lead us to propose that in budding yeast species, with the possible exception of Y. lipolytica, an Inp2-related protein is present that connects peroxisomes to the actin cytoskeleton for their transport to the bud.
